Thermodynamic knowledge of metal chlorides, such as vapor pressure and activity in salt/slag, are of remarkable industrial interest, particularly in fields related to the recovery/recycle/reuse of metal materials. In this study, a new apparatus for measuring the vapor pressure of metal chlorides from molten salt/slag was designed and tested with reference compounds. The results are in a good agreement with the available literature data. Using the developed apparatus, vapor pressure measurements for a KCl-NaCl-CaCl 2 system have been performed. Using the measured data the activities of components were obtained. Simultaneously, the activities of components were calculated using a thermodynamic code, Factsage 5.2 wherein the Modified Quasi-chemical Model was employed to obtain the necessary thermodynamic parameters. The both data agree reasonably well with each other. The results suggested that the KCl-NaCl system exhibits similar behavior with ideal solution; while in the KCl-CaCl 2 and NaCl-CaCl 2 systems there are possible interactions between CaCl 2 and KCl/NaCl. For the ternary system KCl-NaClCaCl 2 , in some concentration range (mole fraction of NaCl 0.25-0.50) NaCl behaves as in an ideal solution, suggesting a larger affinity between KCl and CaCl 2 than that between NaCl and CaCl 2 .
Introduction
The thermodynamic behaviors of metal chlorides are of considerable industrial interest, particularly in fields related to the recovery/recycle/reuse of metal materials. For example, some basic knowledge, such as vapor pressures and activities of metal chlorides in salt/slag, are very useful and urgently needed during the recovery/recycling of metals from wastes by high temperature processes; and the recovery process of metals from their ores by chlorination. However, such basic information, particularly experimental data, is rather limited, primarily because of operational difficulties.
There are several methods of determining the vapor pressure, e.g., static, boiling point, and transpiration. The Knudsen method is a direct way and is particularly appropriate in the case of pressures lower than 100 Pa. 1, 2) Although it has still not been used for metal chlorides, it has long been employed for the vapor pressure measurements of compounds. [3] [4] [5] [6] [7] In the present study, an apparatus was designed for the measurement of the vapor pressure of metal chlorides from salt/slag systems by the Knudsen effusion method; it was then tested with reference compounds. The vapor pressure of a KCl-NaCl-CaCl 2 system was measured, thus obtaining the activities of its components. Simultaneously, the activities of components were calculated using FactSage 5.2, 8) wherein the Modified Quasi-chemical Model [9] [10] [11] [12] was employed to obtain the necessary thermodynamic parameters. The calculated activities of components agree reasonably well with the experimental data.
Principle of the Knudsen Effusion Method
The theoretical basis of the Knudsen effusion method is the kinetic theory of gas. In the experiment, the sample is contained in an inert cell provided with a small, thin orifice on the center of the lib, as shown in Fig. 1 . The cell is placed in a high vacuum system at a constant temperature. If the orifice is sufficiently small, an equilibrium condition is maintained inside the cell. Hence, the amount of vapor effusing through the orifice in a certain period of will be determined by the vapor pressure, temperature, molecular weight of vapor species, and the dimensions of the orifice. Equation (1) describes this relationship, which was derived by Knudsen:
where P K (Pa) is the vapor pressure near the orifice, A 0 (m 2 ) is the area of the orifice, M (kg/mol) is the molecular mass of the effusing vapor, t (s) is the experimental time, ÁW (kg) is the mass loss of the sample, T (K) is the temperature, R (8.314 J/molÁK) is the gas constant, and K c is a coefficient related with the geometrical condition of the orifice, determined by its thickness L (m) and diameter d (m).
2) Equation (1) holds when there are no collisions between the molecules either in the cell or near the orifice and when the escaped molecules do not disturb the equilibrium between the vapor and the condensed phases. These conditions are established when the mean free path of the molecular , which is determined by the vapor pressure and temperature, is considerably larger than the diameter of the orifice d; and 1, 2) that eq. (1) is accurate when =d > 10 and A 0 =A s < 100.
The saturated vapor pressure of the sample P eq would be higher than P K since the Knudsen cell is not actually an equilibrium system. While both Whitman 14) and Motzfeldt 15) arrived at the conclusion that in a Knudsen cell of typical dimensions (cylindrical shape wherein height equals diameter), if A 0 =A s < 100, the saturated vapor pressure of the sample is very close to that near the orifice: P eq % P K . Moreover some researches 3) indicated that in such geometric shapes of the Knudsen cell the experimental error is great enough to mask the difference between P eq and P K . Therefore, this study used eq. (1) to evaluate the vapor pressure of the sample.
Experimental Condition and Theoretical Basis of Calculation

Samples
KCl (Wako Pure Chem. Ltd., mass fraction 99.5%), NaCl (Wako Pure Chem. Ltd., mass fraction 99.5%) and CaCl 2 (Wako Pure Chem. Ltd., mass fraction 99.5%) were used as reference compounds to test the apparatus. Different mixtures of these were used to measure the vapor pressures of a KClNaCl-CaCl 2 system. All samples were in powdered state.
Apparatus and procedure
The schematic diagram of the apparatus is shown in Fig. 2 . A cylindrical cell made of pure platinum with equal height and diameter (D ¼ H ¼ 10 mm) was used. The cell consists of two parts, i.e., upper and lower pans. The upper pan has an orifice and its diameter d is 0.07, 0.13, 0.20, or 0.30 mm. The sample powder was charged and compressed in a thin layer on the bottom of the lower pan. Then, the lips of the two pans were press-sealed and the cell was hung with the hook of the balance by a platinum wire, which was set at the center of the reaction tube. The balance gives an accuracy of 0.01 mg. A high vacuum condition ( 10 À2 Pa) was maintained by a turbo molecular pump and a rotary pump, and the temperature of the sample was controlled by an electric furnace. Weight loss of the sample was continuously recorded by the data system.
Analysis method
The vapor pressure of pure chlorides can be obtained directly using eq. (1). In the case of KCl-NaCl system, it was assumed that the mixed condensed and vapor phases exhibit the same behavior with ideal solution and ideal gas, respectively, since they have similar molecule structures and vapor pressure values. Therefore, the composition and molecular weight of the vapor could be estimated by eqs. (2) and (3):
where
NaCl are the mole fractions of KCl and NaCl in condensed and vapor phases, respectively, and P 0 KCl , P 0 NaCl are the vapor pressures of pure KCl and NaCl, respectively. M v is the molecular mass of the vapor; M KCl , M NaCl are the molecular mass of KCl and NaCl, respectively. After the experiment, the total vapor pressure of the sample was obtained by using its weight loss at a controlled temperature and combining eqs. (1) and (3).
For KCl-CaCl 2 , NaCl-CaCl 2 , and KCl-NaCl-CaCl 2 systems, after the experiment, the compositions of K and Na were analyzed by ICP (inductively coupled plasma), based on which the weight loss of KCl and NaCl were calculated. Then, their partial vapor pressures and activities in the system could be obtained by using eq. (1). However in the case of CaCl 2 , the weight loss of CaCl 2 could not be detected because of its extremely low vapor pressure (0.05-0.18 Pa) at the experimental temperature (1073-1103 K) and the ICP analysis error. Therefore, it is very difficult to obtain the partial vapor pressure and activity of CaCl 2 in the present study.
Thermodynamic model for solutions
In addition to experimental measurements, the activities of components in the chloride systems of KCl-CaCl 2 , NaClCaCl 2 , and KCl-NaCl-CaCl 2 were calculated using FactSage 5.2, 8) wherein the Modified Quasi-chemical Model was employed to obtain the necessary thermodynamic parameters. The theory of the Modified Quasi-chemical Model for solution was proposed by Pelton et al. and described in detail in the literatures. [9] [10] [11] [12] In this paper, a brief introduction of the model is presented as follows. The parameters of the model are the Gibbs energy change Ág AB/Cl of the pair change for the following pair-exchange reactions:
As Ág AB/Cl becomes more negative, reaction (4) is shifted to the right, (A-Cl-B) pairs dominate, and the solution becomes progressively more ordered. The Ág AB/Cl approximately corresponds to the excess free energy of the solution.
For example, X KCa is the mole fraction of the second- 16) are listed in Table 1 . For example, the choice of Z K KCa ¼ 1=2Z Ca KCa ensures that the composition of the maximum short-range ordering will approximate the K 2 CaCl 4 composition, wherein the molar enthalpy and entropy of mixing for the system assume the lowest values. The mole fractions of KCl and CaCl 2 in the binary solution can be derived using the coordination numbers X KCa , X KK , and X CaCa . [9] [10] [11] [12] As described in detail in the literatures, [9] [10] [11] [12] it is necessary to geometrically define all ternary systems as either ''symmetric'' or ''asymmetric''. In the present case, the systems with one alkali-earth and two alkali chlorides are asymmetric, with the alkali-earth chloride as the asymmetric component.
Through optimization with available experimental data, the parameters Ág AB/Cl of reaction (4) are expanded for each pair (K-Cl-Na, K-Cl-Ca and Na-Cl-Ca) as empirical polynomials in molar fractions X i j .
16) The equations of Ág AB/Cl for each pair are shown in Table 2 . Ternary excess parameters for the solution were not required for the ternary system of KCl-NaCl-CaCl 2 . Table 3 
Results and Discussion
Reliability of the apparatus
The vapor pressures of the reference compounds KCl, NaCl, and CaCl 2 were measured at 873-1023 K, 913-1023 K and 1273-1353 K, respectively. This is because under such temperature conditions, their vapor pressure values fall in the range of 0.1-50 Pa, in which the Knuden effusion method is more accurate. The experimental temperature range for the further measurements of the KCl-NaCl-CaCl 2 system was selected in a similar manner.
The comparisons between the experimental and reference data for the vapor pressures of KCl, NaCl, and CaCl 2 are shown in Figs. 3, 4 , and 5, respectively. There are reasonable agreements between the data for KCl and NaCl (shown in Figs. 3 and 4) . Although most of the experimental data fall within the range of reference values, some deviation is observed in the case of CaCl 2 . This might be due to the handling difficulty caused by the strong deliquescent property of CaCl 2 , despite its preparation in a glove box filled with Ar. However, the results reveal that this apparatus is suitable for measuring the saturated vapor pressures of substances at high temperatures.
Measurement for the KCl-NaCl-CaCl 2 system 4.2.1 KCl-NaCl
Samples of KCl:NaCl = 0.2:0.8, 0.5:0.5, and 0.8:0.2 (in molar fractions) were prepared, and the measurements were performed from 963 to 1003 K. Figure 6 shows the measured results, wherein the line is the relation between the vapor pressures of pure KCl and NaCl. As evident, at lower temperatures the points representing the total vapor pressure of the KCl-NaCl system mostly lie on the line, which suggests that the total vapor pressure could be estimated by eq. (5):
where P t (Pa) is the total pressure of the KCl-NaCl system. Further, it proves that the condensed and vapor phases of the KCl-NaCl system exhibit same behavior with ideal solution and ideal gas, respectively. The deviation from the line increases with increasing temperature. This could be explained by the fact that the experiment was conducted from low to high temperatures, during which the composition of the sample changed continuously. The concentration of KCl decreased becauae its vapor pressure was slightly higher than that of NaCl. This led to a decrease in the total vapor pressure of the sample.
KCl-CaCl 2
The experimental situation and the measured results of the partial vapor pressure and activity of KCl in the KCl-CaCl 2 system are shown in Table 4 , along with the calculated activity of KCl obtained using Factsage 5.2, wherein the necessary thermodynamic parameter was obtained from the above mentioned Modified Quasi chemical Model. Figure 7 shows the comparison at 1073 K. As evident, the data measured using this apparatus agree reasonably well with the calculation result. The activities of KCl showed a negative deviation from Raoult's Law, which suggests a possible interaction between KCl and CaCl 2 . 4.2.3 NaCl-CaCl 2 Table 5 showes the experimental condition and the measured results of the partial vapor pressure and activity of NaCl in the NaCl-CaCl 2 system, along with the caculated activity of NaCl using Factsage 5.2, in a manner similar to the KCl-CaCl 2 system. Figure 8 shows the comparison at 1073 K. There is a reasonable agreement between the experimental and calculated results. The activities of NaCl showed a negative deviation from Raoult's Law, which also suggests a possible interaction between NaCl and CaCl 2 . Table 6 shows the measured data of partial vapor pressures and activities of KCl and NaCl in the KCl-NaCl-CaCl 2 system, along with the calculated results obtained using Factsage 5.2. Figure 9 shows the comparison between the experimental and calculated data on the activities of KCl and NaCl in a 0.25CaCl 2 -NaCl-KCl system at 1073 K. As evident, they agreed well with each other. As compared to NaCl, KCl shows a larger negative deviation from Raoult's Law, and in some concentration scopes (mole fraction 0.25-0.50), the activity coefficient of NaCl is approximately l.0, which suggests that NaCl behaves as in an ideal solution. This suggests that there is a stronger affinity between KCl and CaCl 2 than that between NaCl and CaCl 2 . Mole fraction of NaCl in the NaCl-CaCl 2 system Activity of NaCl Fig. 8 Activity of NaCl in the NaCl-CaCl 2 system at 1073 K. Table 6 The experimental and calculated data on partial vapor pressures and activities of KCl and NaCl in the KCl-NaCl-CaCl 2 system. 
Conclusion
The testing results indicated that the present apparatus is suitable for detecting the vapor pressures of metal chlorides. The vapor pressures of the KCl-NaCl-CaCl 2 systems were measured, and the results agree reasonably well with the calculation data obtained using Factsage 5.2. For the KCl-NaCl system, the results suggested that its condensed and vapor phases exihibit similar behaviors with ideal solution and ideal gas, respectively. In the KClCaCl 2 and NaCl-CaCl 2 systems, the activitis of KCl/NaCl showed negative deviations from Raoult's Law, which suggested possible interactions between KCl and NaCl with CaCl 2 . In the ternary system, KCl-NaCl-CaCl 2 , the activity of KCl showed a larger negative deviation from Raoult's Law than that of NaCl, and in some concentration range (mole fraction 0.25-0.50), NaCl behaves as in an ideal solution (the activity coefficient is approximately 1.0), which suggests a greater affinity between KCl and CaCl 2 than between NaCl and CaCl 2 . Vapor Pressure Measurements for Metal Chloride Systems by the Knudsen Effusion Method
